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during the development of a
relatively simple nervous system
is provocative. The ability to
tolerate extra axon processes and
to modify connections
postembryonically by pruning and
other means could be a
phylogenetically conserved
characteristic of nervous system
development. This trait might
allow greater flexibility to adopt
behaviors suitable to changing
environmental conditions.
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Eukaryotic cilia and flagella are
remarkable machines that serve a
variety of sensory and motile
functions. Interest in these
organelles has expanded recently
as their assembly and function
have become associated with a
number of human diseases,
including polycystic kidney
disease and Bardet-Biedl
syndrome [1,2]. Essential for the
construction of cilia and flagella is
the process known as
intraflagellar transport or IFT.
First identified in the green alga
Chlamydomonas reinhardtii [3],
IFT consists of long trains of
proteinaceous particles that are
moved out to the distal tip by
kinesin-2 (anterograde IFT) and
moved back toward the cell body
by cytoplasmic dynein 1b/2
(retrograde IFT) [4,5]. In turn,
anterograde IFT particles supply
precursors that are used to
assemble the axonemal
cytoskeleton, while retrograde IFT
particles are responsible for
removal of turnover products [6].
IFT is also required for the
directed movement of other ciliary
proteins including the PKD-
associated qilin [7] and specific
membrane channels [8].
In the nematode,
Caenorhabditis elegans, two
related kinesins combine forces to
drive anterograde IFT along
sensory cilia [9]. Identified in a
screen of mutants defective in
osmotic avoidance, the
homodimeric OSM-3 is exclusively
expressed in a subset of ciliated
neurons responsible for
chemosensation [10]. Expressed
in all ciliated neurons is the
heterotrimeric kinesin-2, which
contains two unique motor
subunits, KLP-11 and KLP-20, and
a third, cargo-adaptor subunit
known as the kinesin-associated
polypeptide or KAP [9].
The dendritic sensory cilia of
the nematode consist of three
sections, with a 1 µm proximal
segment that is the functional
equivalent of a transition zone.
The middle segment contains
4 µm doublet microtubules that
lead to a distal segment of
2.5 µm singlet microtubules.
Kinesin-2 and OSM-3 coordinate
to jointly move IFT particles at
0.7 µm sec–1 in the middle
segments, while OSM-3 alone
moves the particles at a faster
rate of 1.3 µm sec–1 along the
singlet microtubules of the distal
segment (Figure 1A) [11].
Intraflagellar Transport: Keeping
the Motors Coordinated
Intraflagellar transport is a conserved delivery system that services
eukaryotic cilia and flagella. Recent work in the nematode
Caenorhabditis elegans has identified proteins required for the
functional coordination of intraflagellar transport motors and their
cargoes.
If formation of the distal
segment is blocked, the cilium
fails to extend into the
environment and the neurons are
unable to detect chemical and
osmotic cues. For example, a
mutant C. elegans strain lacking
the OSM-3 kinesin (osm-3) can
assemble the middle segment but
is unable to form a distal
segment. Along the middle
segments of the osm-3 cilia, IFT
particles are driven solely by
kinesin-2 (Figure 1B) [11].
Separate experiments using GFP
fused to either kinesin-2 or IFT
particle subunits reveal that both
move at the relatively slow rate of
0.5 µm sec–1.
In contrast, when OSM-3 is
present but kinesin-2 is absent —
as in kap-1 or klp-11 mutants —
full-length sensory cilia assemble
while IFT particles are driven
solely by OSM-3 at the faster rate
of 1.2–1.3 µm sec–1 in both middle
and distal segments (Figure 1C)
[11]. In the middle segment of
wild-type cilia, OSM-3, kinesin-2
and the IFT particles all move at
the intermediate rate of
0.7 µm sec–1. The intermediate
rates are observed in wild-type
middle segments because both
kinesin locomotives are linked to
the same IFT train; the faster
OSM-3 is slowed by kinesin-2.
These elegant studies in the
nematode have now been
extended by Scholey and
colleagues [12] who have
characterized proteins that
regulate anterograde IFT. In an
effort to identify genes that affect
OSM-3 function, the dyf-1 mutant
phenotype was found to mimic
that of osm-3. Like other dye-
filling mutants, the sensory
neurons of dyf-1 mutants are
unable to take up fluorescent dye
from the media, a behavior often
associated with aberrant sensory
cilia [13].
In the dyf-1 mutant,
observations of GFP fusion
proteins revealed that both IFT
particles and kinesin-2 move
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Figure 1. Anterograde IFT in C. elegans sensory cilia.
(A) Wild-type: anterograde IFT particles are moved at 0.7 µm sec–1 by the heterotrimeric kinesin-2 and the homodimeric OSM-3. Only
OSM-3 drives anterograde IFT at 1.3 µm sec–1 in the distal segment. (B) osm-3 mutant: anterograde IFT particles are moved solely by
kinesin-2 at a rate of 0.5 µm sec–1. There is no distal segment. (C) kap-1 or klp-11 mutants: OSM-3 alone drives anterograde IFT in
both the middle and distal segments at 1.2–1.3 µm sec–1. (D) dyf-1 mutant: kinesin-2 alone drives anterograde IFT in the middle
segment at 0.5 µm sec–1. Although OSM-3 is present in this segment, it appears to be inactive and does not move. There is no distal
segment. (E) bbs-7 or bbs-8 mutants: anterograde IFT particles are uncoupled to form separate complexes, A and B. Complex A
moves only in the middle segment at the kinesin-2 speed of 0.5 µm sec–1. Complex B moves in both segments at the OSM-3 speeds
of 1.1–1.3 µm sec–1. (Adapted from [11,12].)
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along the middle segments at the
relatively slow rate of 0.5 µm sec–1
(Figure 1D) [12]. OSM-3 does
appear in the middle segment but
fails to undergo directed
movement. Thus, DYF-1 is not
required for targeting OSM-3 to
the cilia but it is required for OSM-
3 to function as an IFT motor. The
mechanism of this OSM-3
regulation is unknown but
interesting clues come from
sequence analysis.
DYF-1 contains
tetratricopeptide repeats and a
putative prenyltransferase
domain. Tetratricopeptide motifs
frequently mediate protein–protein
interactions while prenylation of
proteins often establish lipid
anchors [14]. It is tempting to
predict that DYF-1 functions to
target OSM-3, directly or
indirectly, to the ciliary membrane.
DYF-1, however, may not function
solely to regulate OSM-3.
DYF-1 appears to be more
ubiquitously distributed than OSM-
3 in ciliated organisms. For
example, DYF-1 is present in
Chlamydomonas flagella, where
IFT appears to be driven solely by
a heterotrimeric kinesin-2; no
OSM-3 homologue has been
identified in this alga’s nuclear
genome. The Chlamydomonas
DYF-1 gene has been shown
recently to be up-regulated in
response to deflagellation [15],
while a thorough proteomic
analysis reveals that the DYF-1
protein is, in fact, present in the
Chlamydomonas flagellum [16]. It
should be especially interesting
and enlightening to identify specific
prenylation targets of DYF-1.
Further regulation of
anterograde IFT was identified by
Ou et al. [12] in the form of BBS-7
and BBS-8. BBS proteins are
associated with the heritable
ciliary human disorder known as
Bardet-Biedl Syndrome [17,18]. In
the nematode bbs-7 (osm-12) and
bbs-8 mutants, both kinesins are
present in the sensory cilia but
kinesin-2 moves at the slower
rate of 0.5 µm sec–1 in the middle
segment while OSM-3 moves at
1.1–1.3 µm sec–1 regardless of
whether it is in the middle or
distal segment (Figure 1E) [12].
Thus, the anterograde IFT motors
have been uncoupled.
Surprisingly, the IFT particles are
also uncoupled.
Previous biochemical
purification has revealed that IFT
particle proteins can be
partitioned into two separate
complexes, A and B, containing
approximately six and eleven
subunits, respectively [19,20].
Until now, GFP-fused A and B
subunits have always been
observed moving at equivalent
speeds in model organisms
including C. elegans. In the
nematode bbs-7 and bbs-8
mutant backgrounds, however,
complex A is found only in the
middle ciliary segment where it
moves at the same rate as
kinesin-2. In contrast, complex B
moves in both ciliary segments at
the faster OSM-3 rate of
1.1–1.3 µm sec–1. Thus, BBS-7
and BBS-8 appear to regulate the
formation of the IFT trains.
The mechanism of BBS-7 and
BBS-8 regulation of IFT remains
to be elucidated. Both proteins
have been directly visualized in
the nematode moving along with
IFT particles [12,18]. The absence
of these two proteins in the
Chlamydomonas flagellome,
however, suggests that BBS-7
and BBS-8 are present at
substoichiometric levels relative
to the rest of the IFT machinery
[16]. Thus, the mode of regulation
by BBS-7 and BBS-8 may
ultimately be catalytic.
In summary, the heterotrimeric
kinesin-2 appears to be the
workhorse anterograde IFT motor
that drives the assembly of
doublet microtubules. This
kinesin-2 pathway can be
modulated in a cilia-specific
manner by accessory motors such
as OSM-3 which drives the IFT
pathway required to elongate the
distal singlet microtubules.
Regulators of these pathways
have been identified. The Bardet-
Biedl Syndrome proteins, BBS-7
and BBS-8, are essential in
keeping IFT particles intact. A
third protein, the putative
prenyltransferase, DYF-1, is
required for OSM-3-based
transport. Future research in this
area promises to be exciting as
the molecular mechanisms by
which these regulators function is
uncovered.
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Conflicts of interest abound in
biology. Indeed, from a neo-
Darwinian, gene selectionist
perspective many biological
phenomena owe their existence to
the evolutionary outcome of
conflicts of interest between
entities with independent
reproductive lineages. Consider
genomic imprinting, for instance,
whereby genes inherited from
fathers show different patterns of
expression to those inherited from
mothers [1]. In taxa with
substantial maternal investment in
offspring and multiple paternity,
paternally inherited genes will be
selected to cause young to solicit
more than their fair share of the
maternal investment. This is
because such selfishness is
unlikely to impact negatively on
the success of other copies of the
genes, as the mother of a current
offspring is also likely to invest in
offspring sired by other males.
This will not be the case for genes
inherited maternally. There is
therefore potential conflict
between the paternally and
maternally inherited genes, which
is consistent with the available
data on patterns of expression of
imprinted genes in mammals and
plants [2,3]. 
From a broader perspective,
despite there often being
substantial benefits to
coordinated action — from genes
coordinating with each other to
develop bodies to lionesses
synchronizing their hunts to take
large savannah ungulates —
achieving such cooperation
presents problems. To enjoy a
common good, individuals must
often take on the risk of investing
resources in a communal pool
without guaranteed returns. This
sets up the potential to free-ride
— accept resources from the
pool without investing anything in
return. It is the risk of being
‘suckered’ by free-riders that can
so easily bind organisms to the
‘tragedy of the commons’,
whereby the common good is
sacrificed because of the
potential for individuals to cheat.
In fact, the burden of explanation
often falls on those instances
where the tragedy of the
commons seems to have been
averted in biology. One example
of this is the case of achieving
the benefits of sexual
reproduction [4] when there are
conflicts over gender roles in
simultaneous hermaphrodites
such as the sea slug, Chelidonura
hirundinina, the subject of a new
study by Anthes and co-workers
reported in this issue of Current
Biology [5].
With the evolution of distinct
male and female roles in sexual
reproduction — anisogamy — an
important source of evolutionary
conflict of interest was born [6].
For a fixed level of investment in
reproduction, mating partners that
consistently invest more in
providing young with start-up
resources will turn out fewer
reproductive attempts in their
lives with a greater interest in the
fate of each. This means that such
mating partners — females —
should be relatively choosy about
the circumstances surrounding
each such event. On the other
hand, with less investment in each
potential reproductive event,
males can attempt many more
matings, but they face the
problem of winning rights to the
limited opportunities to access
the choosy females and their rare
eggs. 
This difference creates
divergent interests in the mating
game, with males being selected
to coerce their partners into
reproducing and females to resist
such overtures [6]. It also means
that females can virtually
guarantee that their eggs will be
fertilized at some point in their
lives, while males face no such
surety for any of the sperm they
produce. Nevertheless, despite
such divergence in interests and
mating tactics, at least some
degree of coordination between
the sexes is required to achieve
the common good of successful
sexual reproduction. For the vast
majority of sexual taxa with
distinct genders, the most basic
level of coordination — who
plays ‘female’ and who plays
‘male’ — is fixed at any given
mating opportunity and beyond
the potential for conflict. But this
is not necessarily the case in
simultaneous hermaphrodites [7],
those taxa, including many
species of molluscs, in which
individuals can either mate as a
male (by donating sperm) or a
female (by receiving sperm) in
any particular copulation.
Med. 10, 106–109.
18. Blacque, O.E., Reardon, M.J., Li, C.,
McCarthy, J., Mahjoub, M.R., Ansley,
S.J., Badano, J.L., Mah, A.K., Beales,
P.L., Davidson, W.S., et al. (2004). Loss
of C. elegans BBS-7 and BBS-8 protein
function results in cilia defects and
compromised intraflagellar transport.
Genes Dev. 18, 1630–1642.
19. Cole, D.G., Diener, D.R., Himelblau, A.L.,
Beech, P.L., Fuster, J.C., and
Rosenbaum, J.L. (1998).
Chlamydomonas kinesin-II-dependent
intraflagellar transport (IFT): IFT particles
contain proteins required for ciliary
assembly in Caenorhabditis elegans
sensory neurons. J. Cell Biol. 141,
993–1008.
20. Piperno, G., Siuda, E., Henderson, S.,
Segil, M., Vaananen, H., and Sassaroli,
M. (1998). Distinct mutants of retrograde
intraflagellar transport (IFT) share similar
morphological and molecular defects. J.
Cell Biol. 143, 1591–1601.
Department of Microbiology, Molecular
Biology and Biochemistry, University of
Idaho, MMBB LSS142, Moscow, Idaho
83844-3052, USA.
E-mail: dcole@uidaho.edu
DOI: 10.1016/j.cub.2005.09.020
Dispatch    
R801
Evolutionary Conflict: Sperm
Wars, Phantom Inseminations
A new experimental study has provided the first definitive evidence for
conditional punishment of ‘cheats’ in a sperm-trading simultaneous
hermaphrodite: the sea slug Chelidonura hirundinina. This also
provides a rare unequivocal example of conditional reciprocity averting
a ‘tragedy of the commons’ in biology.
